Genetic diversity and relationships among 123 strains of SalmoneUa paratyphi B (serotype 1,4,[5j,12:b:[1,2]) were estimated from an assessment of electrophoretically demonstrable allelic variation at 24 chromosomal enzyme gene loci. Fourteen electrophoretic types, marking clones, were distinguished, the phylogeny of the clonal lineages was reconstructed, and biotype and other phenotypic characters were mapped onto this structure. Most d-tartrate-negative To address these questions, we employed multilocus enzyme electrophoresis (6, 40) to estimate genetic diversity
Salmonellae characterized by serotype j,4, [5] ,12:b: [1, 2] and more generally known as S. paratyphi B (or, formerly, S. schottmuelleri [19, 22, 23] ) were first described following recovery from cases of typhoidlike enteric fever in humans at the turn of the century (1, 39) . Subsequently, it was recognized that some strains of this serotype do not cause enteric fever but, instead, produce an acute, but mild, gastroenteritis, and several physiological differences between strains associated with these two clinical syndromes were soon noted. Isolates from enteric fever patients typically fail to ferment d-tartrate and form a mucoid (slime) wall when grown on solid medium at room temperature, whereas most strains causing gastroenteritis are able to utilize dtartrate and do not produce mucoid walls (8, 20) . It was also noted that d-tartrate-negative strains are infrequently isolated from animals, whereas d-tartrate-positive strains are commonly recovered from both humans and animals (10) .
On the basis of these findings, Kauffmann (17, 18) concluded that two "species" of identical serotype are involved; their characteristics are given in Table 1 . He proposed calling the d-tartrate-positive strains S. java, thus reserving the name S. paratyphi B for the d-tartrate-negative strains that cause human enteric fever. Kauffmann's taxonomy was for many years widely accepted, but recently the concept of S. java as a distinct species has fallen into disfavor. Le Minor et al. (24) proposed that d-tartratepositive strains be designated as a biovar of S. paratyphi B.
Barker et al. (4) recently studied variation in 13 biotype characters, bacteriophage type, sensitivity to colicin M and phage ES18, and the electrophoretic pattern of the rRNA in * Corresponding author. a worldwide collection of 338 isolates of S. paratyphi B and S. java. Based on these properties, strains were assigned to three groups. Isolates of primary biotypes 3, 11, 19, 23 , and 27 in group 1 were considered to represent the classical d-tartrate-negative strains with enhanced human pathogenicity to which Kauffmann (18) applied the name S. paratyphi B. To account for the fact that isolates of biotypes 3, 11, and 23 also occurred in group 2, Barker et al. (4) postulated that they represent a second d-tartrate-negative group of independent origin. Following Kauffmann (17) , they suggested that S. paratyphi B is composed of groups with different evolutionary histories that have converged (by bacteriophage transduction) in both serotype and biotype.
The assignment of strains of S. paratyphi B to the three groups proposed by Barker et To address these questions, we employed multilocus enzyme electrophoresis (6, 40) to estimate genetic diversity The geographic sources of the isolates were Scotland (n = 32 isolates), the United Kingdom other than Scotland (n = 19), France (n = 39), Europe other than France (n = 12), the Middle East (n = 5), India (n = 1), Africa (n = 2), South America (n = 2), and unspecified (n = 11). Host and other sources were human feces (n = 36); human blood (n = 7); human bile, pus, etc. (n = 5); human, unspecified (n = 29); avian (n = 1); sewage (n = 18); water (n = 11); food (n = 12); and unspecified (n = 4). (4) .
In these cases, xi is the frequency of the ith character state (e.g., positive or negative for primary biotype characters) and n is the number of isolates.
Genetic distance between pairs of ETs was expressed as D = -log1I, where I is the proportion of the enzyme gene loci assayed at which the same allele occurred (matches) (28) .
Biotypes. The biotyping scheme was adapted from that originally developed for S. typhimurium by Duguid et al. (12) . A full description is given by Barker et al. (4) . Briefly, each isolate was assigned a primary biotype number according to reactions in tests with five substrates, and subbiotypes (designated by letters) were defined on the basis of eight secondary characters (Table 2) .
Reaction to colicin M and to bacteriophage ES18. Methods of testing were as described by Barker et al. (4) , as adapted from Graham and Stocker (15) . Sensitivity to colicin M (produced by Escherichia coli PAP1370) and resistance to bacteriophage ES18 are highly correlated characters (4) . Strains sensitive to colicin M invariably were resistant to phage ES18 (the coli or C sensitivity pattern), and those sensitive to phage ES18 were resistant to colicin M (the typhimurium or T sensitivity pattern). A few strains were resistant to both phage ES18 and colicin M, but no strain was sensitive to both agents.
rRNA electrophoretic pattern. Determinations of the electrophoretic pattern of rRNA (49) were made by the method of Smith et al. (43) . An intact 23S rRNA species was either present (the coli or C pattern) or absent (the typhimurium or T pattern). Only 75 isolates were assayed for this character.
Phage typing. Cultures of 114 of the strains had been typed in the countries of origin with a standard set of 12 phages (2, 16).
RESULTS
Genetic variation revealed by multilocus enzyme electrophoresis. Of the 24 enzyme gene loci assayed in all 123 isolates, 11 were polymorphic for two or three alleles and 13 were monomorphic (Table 3) . Fourteen distinctive allele profiles or ETs were distinguished ( Table 4 ). The mean genetic diversity per locus (H) was 0.076 for isolates and 0.167 for ETs (Table 3 ). The lower diversity value for isolates reflects the circumstance that 6 of the 14 ETs were represented by multiple isolates. Phylogenetic trees for the 14 ETs were constructed from a matrix of pairwise genetic distances based on allelic variation at the 24 enzyme gene loci assayed in all isolates. Under the assumption that the evolutionary rates have been constant in all phylogenetic lineages (molecular clock hypothesis [30] ), a phylogeny that minimized the sum of squares was fitted to the genetic distance matrix (13) (Fig. 1) . This hypothetical tree estimates the order of branching of lineages (topology) and the extent of genetic change (branch length) that has occurred in the course of the evolutionary radiation of S. paratyphi B. The same topology was deduced from a parsimony analysis of character states (alleles) with the Swofford PAUP program (version 2.4.2) (data not shown).
In Fig. 1 , the 14 ETs are labeled numerically and alphabetically in accordance with their lineage memberships. Seventy-four (60%) of the 123 isolates were ET Pb 1, Pb 2 and Pb 3 were each represented by 11 isolates, Pb S was represented by 10 isolates, 7 isolates were Pb 4, and 2 isolates were Pb 3a. The remaining eight ETs were each represented by a single isolate. The primary bifurcation in the tree is the separation of Pb 6 and Pb 7 from the other ETs at a genetic distance of 0.141, which reflects the accumulation of three allelic differences in each primary lineage since their divergence from a common ancestor. Pb 4 separates at a distance of 0.105, and at a distance of 0.071, the four ETs of the Pb 5 group diverge from the remaining ETs, which form three fairly closely related groups composed of Pb 1 and la; Pb 2, 2a, and 2b;
and Pb 3 and 3a.
Monophasic condition, reactions to colicin M and phage ES18, and rRNA pattern in relation to clonal phylogeny. Lack of expression of H2 flagellar antigens consistently and exclusively marks the Pb 5 lineage of ETs (Pb 5, 5a, Sb, and Sc); all 13 monophasic isolates examined represent ETs of this cluster (Fig. 1 ).
The T (typhimurium) colicin M and phage ES18 sensitivity pattern occurs in three major branches, as the exclusive condition in isolates of the Pb 2 and Pb 5 lineages and an uncommon condition (5 of 74 isolates) in Pb 1.
The data for the 75 isolates that were typed for rRNA pattern suggest that the T pattern is confined to clone families Pb 1 and Pb 3, although in neither group is it the exclusive condition. Noteworthy is the strong polymorphism among isolates of Pb 1; of the 43 typed isolates of this ET, 23 were pattern T and 20 were pattern C.
Primary None of the five individual primary biotype characters was confined to a single branch of the phylogenetic tree, although some of the various combinations of the five characters that constitute the primary biotypes distinguished by Barker et al. (4) occurred only in isolates of single ET lineages (Fig. 1 ). For the sample of isolates studied, the primary biotypes fail to mark consistently the ET groups; thus, biotype 1 occurred in isolates of four lineages (Pb 1, the Pb 2 group, Pb 6, and Pb From these data, we calculated two conditional probabilities: (i) P(Slm), the probability that two isolates drawn randomly from our sample and having the same character state (or character combination) will be of the same ET, and (ii) P(mIS), the probability that two randomly drawn isolates of the same ET will match in character state (or character combination).
The results of an analysis of the concordance of ET and various combinations of phenotypic characters are presented in Table 6 . There is a considerable range of variation in the conditional probabilities, and values for P(mIS) are uniformly much smaller than those for P(Sim phage ES18-colicin M-rRNA combination are expected to be of the same ET only 25.8% of the time.
Correlations of characters. The coefficients of correlation (r) shown in Fig. 2 indicate the relative values of individual characters in indexing the overall genetic relationships among isolates estimated by multilocus enzyme electrophoresis (41) . The coefficient for a given character (e.g., the aconitase enzyme gene locus, ability to ferment rhamnose, etc.) is the product-moment correlation between two matrices of distances between all pairs of isolates, one a matrix of genetic distances based on allelic variation at 11 polymorphic enzyme gene loci and the other a matrix of distance based solely on the character in question.
Apart Fig. 3 . For the ETs of S. paratyphi B, the topology of the tree is similar to that of the tree based on 24 enzyme gene loci (Fig. 1) Pb 1  3222  3  3  3  3  0  3  3  3  3  3  3  Pb la  3294  3  3  3  3  0  3  3  3  3  3  3  Pb 2  3249  3  3  3  3  3  3  3  3  3  3  3  Pb 2a  3237  3  3  3  2  3  3  3  3  3  3  3  Pb 2b  3267  3  3  3  3  3  3  3  3  3  3  3  Pb 3  3202  7  3  3  3  3   0   3  3  3  3  3  Pb 3a  3211  7  3  3  3  3  0  3  3  3  3  3  Pb 4  3201   5   0  3  3  3  1  5  3  3  3  3  Pb S  3274  3  3  1  3   5   3  4  3  3  3  3  Pb 5a  3218  3  3  1  3   5   3  4  3  3  3  3  Pb 5b  3219  3  3  1  3  5  0  4  3  3  3  3  Pb 5c  3192  3  3  1  3   5   0  4  3  3  3  3  Pb 6  3277   5   0  3  4  3  0  1  3  3  3  3  Pb 7  3215  3  0  3  3  2  0  0.8  3  3  3  3 a R.K.S. catalog number. (26, 27) , and Listeria monocytogenes (37) .
For each of the serotypes S. derby, S. typhimurium, and S. miami, there are significant differences in the relative frequencies of clones between populations in the United
States and Europe (6; Selander et al., submitted). And marked geographic variation in clonal composition of populations on a global scale has been documented for several other pathogenic bacteria, including serotype b H. influenzae (27a) and the serogroups and serotypes of Neisseria meningitidis (9, 11, 35) .
Clonal associations with disease syndromes. In a collection of 338 isolates of S. paratyphi B, Barker et al. (4) observed that 23 of the 27 strains that were known to have been recovered from blood or other body fluids of human patients VOL. 58, 1990 on October 20, 2017 by guest http://iai.asm.org/ Downloaded from were of biotype 3 or 11. These are the two common biotypes of isolates of the Pb 1 group, being represented by 23 and 22 isolates, respectively, and both biotypes were confined to isolates of Pb 1 and Pb la.
It would be instructive to know whether the d-tartratepositive strains of Pb 1 and Pb la and those of the Pb 2 and Pb 3 clone families are similar to the d-tartrate-negative strains of Pb 1 in propensity to cause human enteric fever. It seems likely that the d-tartrate-negative character state is merely associated (in linkage disequilibrium) with factors affecting pathogenicity rather than being a virulence factor itself. It is noteworthy that 1 of the 11 isolates of Pb 3 was cultured from human blood and that two other isolates of this clone were obtained from body sites (not feces) of humans.
Strains positive for d-tartrate reportedly have been recovered from enteric fever patients in Japan (45) and from extraintestinal locations in children in Uruguay (36). Barker grouping. Barker et al. (4) assigned strains of S. paratyphi B to three groups defined by the characters colicin M sensitivity, phage ES18 sensitivity, and rRNA type. The molecular genetic bases of these traits, although unknown, are clearly not complex and, therefore, lack the high evolutionary information content required of characters that can mark clones and reflect their phylogenetic relationships. Hence, it is not surprising to find that all three characters vary among isolates of the same clone, as defined by chromosomal multilocus enzyme genotype (Fig. 1) .
Seventy-four of the 123 isolates that we examined were scored for both rRNA pattern and phage ES18-colicin M sensitivity pattern and, therefore, can be assigned to the three groups defined by Barker et al. (4) .
First, group 1 (characterized by the T rRNA pattern and usually by C sensitivity and comprising primary biotypes 2, 3, 11, 19, 23, and 27) comes closest to being a natural group. It is composed almost entirely of isolates of Pb 1 (23 isolates) but also includes the single isolate of Pb la and one Pb 3 isolate.
Second, group 2 (C rRNA pattern and C sensitivity and comprising primary biotypes 2, 3, 7, 11, 13, and 23) is clonally very heterogeneous. It includes 16 isolates of Pb 1, 8 isolates of Pb 4 and Pb 6, 5 of the 6 assignable isolates of Pb 3, and the single isolate of Pb 3a.
Third, group 3 (C rRNA and T sensitivity and comprising primary biotypes 1, 9, 10, 12, and 26) includes 3 Pb 1 isolates, all 13 isolates of the Pb 5 clone family, and 3 Pb 2 isolates. Thus, isolates of the major clone Pb 1 were distributed among all three of the Barker groups: 1 (23 isolates), 2 (16 isolates), and 3 (3 isolates).
Reconstructing clonal phylogeny. Among bacteria able to utilize d-tartrate, Barker et al. (4) identified two types of strains that they believed to be unrelated to one another or to other d-tartrate-positive strains: (i) those that were monophasic and of biotypes 9, 10, 12, and 26; and (ii) the inositol-negative, rhamnose-negative strains of biotype 13 and phage type Workshop or Battersea. The occurrence of these bacteria in a serotype otherwise composed predominantly of d-tartrate-negative strains led Barker et al. (4) to propose that "the existence of these distinct groups within one serotype can best be explained by postulating that they arose independently from a number of archetypal bacteria and that each acquired the antigenic determinants by which the serotype is now defined." This was an endorsement of the concept of Kauffmann (17) that the serotype is composed of strains of different ancestral origin grouped by convergent evolution in antigenic structure. In repeating some of the experiments of Zinder and Lederberg (50) on transduction of serological properties in salmonellae, Kauffmann (17) Because of the potential for horizontal transfer of genetic material in bacteria, recombinational convergence is a much more plausible explanation for the occurrence of identical or similar characters (even phenotypically and genetically complex ones) in phylogenetically divergent lineages than it is for organisms in which genetic transfer is exclusively vertical.
And the secondary acquisition of a character in a lineage in which it had earlier been lost is also a more probable event.
The results of our population genetic analysis of S. paratyphi B raise several questions. (i) Did the extensive diversity in multilocus enzyme genotype among clones evolve by mutation from a common ancestral clone? Or was there convergence of already differentiated phyletic lines to a common serotype, mediated by viral or other modes of horizontal transfer of antigenic factors? (ii) Within the abundant Pb 1 clone, did the considerable polymorphic variation in rRNA type, inositol utilization, rhamnose utilization, and sensitivity to colicin M or phage ES18 (Fig. 1) arise entirely by mutation, followed by selection or drift, in a single clonal lineage? Or was there additional recombinational input via horizontal transfer of genes from other clonal lineages? In either case, this variation apparently developed rather recently, for the Pbl clone is only slightly differentiated in multilocus enzyme genotype from certain other clones (the Pb 2 and Pb 3 families) and, therefore, cannot be ancient.
Hypothesis of serotype conservation. On the assumption that the clones of S. paratyphi B are monophyletic, we can deduce the probable ancestral condition for several of the characters from the distribution of character states among the lineages of the tree shown in Fig. 3 . Accordingly, we infer that the diphasic flagellar condition is primitive, as are the rhamnose-positive, d-tartrate-positive, xylose-positive, and m-tartrate-positive character states, because each is the exclusive condition in most of the clonal lineages. This is biotype 1, which is the commonest biotype of strains of S. typhimurium and has been postulated to be the archetypal biotype from which the other 22 known primary biotypes of S. typhimurium arose by mutations that rendered particular gene functions inactive (12, 31) .
The ability to utilize inositol varies among lineages of S. paratyphi B in such a way that one cannot decide whether this character state is primitive or derived, and this is also true for S. typhimurium (12) . For the same reason, either the C or the T type of colicin-phage ES18 sensitivity could be ancestral. In the case of rRNA, it is likely that the C type is primitive for S. paratyphi B as well as for 22 other serotypes among 235 Salmonella isolates studied to date (P. B. Crichton and D. C. Old, unpublished data). Other than in S. paratyphi B, the T pattern is known to occur only in S. typhimurium and S. duisburg, but some isolates of the last two serotypes give a pattern corresponding to a combination of the C-and T-type bands. Thus, it appears that noncritical mutations have occurred in these otherwise highly conserved rRNA genes in the family Enterobacteriaceae. One way to explain the distribution of the T and C patterns of sensitivity to colicin M and phage ES18 is to assume that the C pattern is ancestral and that the T pattern developed in three lineages, the Pb 5 clone family (all 13 strains show pattern T), Pb 2 (12 of 13 strains show pattern T, 1 shows pattern C), and Pb 1 and Pb la. In the Pb 1 group (Pb 1 and Pb la), most isolates (62 of 75) had pattern C, but five isolates of Pb 1 had pattern T and eight isolates were nonsensitive. The problem here is whether to attribute the occurrence of the T pattern in the five isolates of Pb 1 to mutation from C to T or the horizontal transfer of the T type from another lineage.
The extensive polymorphic variation in biotype characters among isolates of the Pb 1 clone of S. paratyphi B is matched by variation in certain clones of S. typhimurium. Isolates of the FIRN clone of S. typhimurium represent 4 primary biotypes, 22 full biotypes, and 27 phage types (31) , and genetic homogeneity among isolates for the fim-negative, inositol-negative, and rhamnose-negative mutations has been demonstrated by transduction experiments mediated by phage P22 (25, 32, 33 (20, 45, 46 
